Figure 1. Tests of Offensive Aggressive Behavior in Mice
Two classic tests used to evaluate offensive aggressive behavior in mice are depicted. The isolation-induced aggression test measures intermale aggression (right). A male adult mouse (called resident and depicted in white) is isolated for 4 weeks and then exposed to an intruder (depicted in black), a male of the same age that has been housed as part of a group. During a 3 min test, the resident will generally attack the intruder several times, presumably to defend its territory. The motor pattern is characteristic and consists of chase, offensive postures, and bite and kick attacks; the bite targets are primarily the tail, rump, and back. The maternal aggression test (right) is used to measure female aggression. To defend her pups, a lactating female attacks a male or a female conspecific intruder with a very short latency and with a high intensity form of attack, predominantly targeted at the head and upper back. In both tests, administration of serenics such as eltoprazine increases the latency to the first attack and decreases the number and intensity of the attacks without having a sedative effect. transgenic mice or gene ablation in so-called knockout normal. Adults displayed a specific set of behavioral alterations including enhanced intermale aggressive bemice, have yielded mice that display enhanced aggressive behavior. The contribution of these studies to our havior, increased attempts to mount nonreceptive females, and decreased immobility in a forced swim test. understanding of the biology of aggressive behavior will be discussed below.
The enhanced aggressive behavior displayed by mice lacking MAOA is consistent with the violent behavior displayed by the few men lacking this enzyme. The pheCandidate Genes As a result of the serotonin hypothesis, it is tempting notype of these individuals might therefore be a consequence of the MAOA mutation rather than the result of to speculate that mutations in genes encoding various components of the serotonergic system will have consesome unusual environmental or genetic background in that family. quences on aggressive behavior. One such mutation was recently identified in a Dutch family with a new Increased aggressive behavior in mice or men lacking MAOA came as a surprise because aggressive behavior form of X-linked mild mental retardation (Brunner et al., 1993a (Brunner et al., , 1993b . Fourteen affected males in this family is often associated with decreases in 5-HT levels rather than increases such as those elicited by acute adminisdisplayed variable degrees of impulsive aggressive behaviors, including murder attempt, rape, and arson. In tration of MAOA inhibitors. In fact, MAOA inhibitors, which were widely used as antidepressants, have not each of these individuals, a point mutation was identified that resulted in the lack of a functional monoamine oxibeen reported to induce aggressive behavior. There are even reports that in certain rodent models MAOA inhibidase A (MAOA), one of the two enzymes that metabolizes 5-HT. Selective MAOA deficiency in this family led tors decrease aggressive behavior (Isel et al., 1988) . The phenotype of individuals lacking MAOA might therefore to a marked disturbance of monoamine metabolism, as evidenced by an increased urinary excretion of MAOA be a consequence of compensatory changes that took place during development. For example, to compensate substrates, including 5-HT, and decreased concentrations of MAOA metabolites, including 5-hydroxyindole for high 5-HT levels, postsynaptic 5-HT receptors might be down-regulated, which could in turn result in a pheacetic acid (5-HIAA). However, given the limited sample size, it was not possible to conclude unambiguously notype similar to low 5-HT activity. Alternatively, the absence of MAOA during development might produce whether aggressive behavior was a consequence of the MAOA mutation or the result of other genetic or environstructural defects. Indeed, mice lacking MAOA display neuroanatomic abnormalities such as an absence of the mental factors that might also be present in this family. Possibly in support of the MAO hypothesis is the fact cortical barrel field, which is a somatosensory representation of the vibrissae (Cases et al., 1996) . In addition, that deficits in MAOB (the second enzyme involved in monoamine metabolism) are sometimes associated with Whitaker-Azmitia et al. (1994) have reported that rats exposed to MAO inhibitors during development display sensation-seeking personalities and disorders of impulse control such as those found in pathological gamsignificant changes in cortical serotonergic innervation. The MAOA mutation is the first example of a genetic blers (Carrasco et al., 1994) .
Independently, a knockout mouse was produced that alteration that appears to facilitate aggressive behavior in mice and men. Other mutations affecting aggressive lacked a functional MAOA gene as a result of a deletion in the coding sequence of this gene (Cases et al., 1995) .
behavior have been created in the mouse, but no human counterpart has been found so far. In pup brains, serotonin concentrations were increased by up to 9-fold and norepinephrine by 2-fold. Pup behav-
The 5-HT1D␤ receptor is one of the 15 mammalian 5-HT receptors that have been identified to date (Saudou ioral abnormalities, including trembling, difficulty in righting, and increased startle response, were reversed and Hen, 1994). The rodent homolog of this receptor is called 5-HT1B because of a pharmacological difference by the serotonin synthesis inhibitor parachlorophenylalanine, whereas none of these traits were affected by between these receptors. The 5-HT1B/1D␤ receptors as well as the 5-HT1A receptors are candidates for modthe catecholamine synthesis inhibitor ␣-methylparatyrosine. In adults, 5-HT and 5-HIAA levels returned to ulating aggressive behavior because agonists of these receptors have antiaggressive properties in rodents. that the phenotype of these transgenic mice is the result of abnormal brain development. Mice lacking 5-HT1B receptors were generated by gene targeting (Saudou et al., 1994; Ramboz et al., 1995) . The
Mice lacking the neuronal form of nitric oxyde synthase (nNOS) display enlarged stomachs as well as an homozygous mutants developed normally and did not differ from their wild-type littermates anatomically. In a increase in offensive aggressive behavior and altered sexual behavior (Nelson et al., 1995) . In the residentnumber of behavioral tests aimed at measuring feeding, locomotion, and reactivity to novel or aversive environintruder paradigm, mutant males attack male intruders more often and more intensely than wild-type males, ments, no differences were found between wild-type and mutant mice. However, when analyzed in the isolawhile the latency to the first attack is the same in both groups. Neuronal NOS is expressed widely both in the tion-induced aggression test, the male homozygous mutants displayed increased aggressive behavior. In this developing and in the adult nervous system. However, so far, studies administering NOS inhibitors have not test, wild-type or mutant males that have been isolated for 4 weeks are confronted with a male intruder that has implicated NO in aggressive or sexual behavior. It is therefore not clear whether the phenotype of these munot been isolated. The wild-type mice attack the intruder after an observation period that includes sniffing and tant mice reflects abnormal brain development or whether nNOS is directly involved in the modulation of aggressive displays such as tail rattling; in contrast, the mutant mice attack immediately or after a short latency.
aggressive and sexual behavior. In addition, the number and the intensity of the attacks were significantly higher in the case of the mutants. The Nature versus Nurture short latency of attack displayed by these mutant mice is Evidence has accumulated during the past 50 years reminiscent of the impulsive behavior often associated that variations in aggressive behavior can be heritable. with deficits in central serotonin in primates (Linnoila et Selective breeding has yielded strains of mice and rats al. Mehlman et al., 1994) .
that originate from the same genetic background but Agonists of 5-HT1B receptor have been shown to dediffer reliably in particular aspects of aggressive behavcrease aggressive behavior in a number of rodent modior (Lagerspetz and Lagerspetz, 1971 ; Popova et al., els including the isolation-induced aggression test. It 1993; Lewis et al., 1994) . With the use of recombinant is therefore consistent that mice lacking this receptor inbred strains, quantitative trait locus analysis, and the display the opposite phenotype. However, it is also posincreasing number of genetic markers that have been sible that compensatory changes are responsible for identified in the mouse genome, it is now possible to the aggressive behavior of these mutant mice. Specific get an estimate of how many genes are responsible for 5-HT1B antagonists as well as inducible and tissuebehavioral differences between two inbred strains and specific knockouts will soon be available (Lucas and Hen, 1995) and should allow a more precise study of approximately where these genes are located (Plomin and McClearn, 1993; Crabbe et al., 1994) (Figure 2 ). Such the role of the 5-HT1B receptor in the modulation of aggressive behavior, such as where the relevant recepstrategies have been successfully applied in the case of susceptibilities to hypertension, diabetes, epileptic tors are located. A candidate structure is the central gray, which is involved in aggressive behavior and has seizures, alcohol preference (for a review, see Crabbe et al., 1994) , and emotionality (Flint et al., 1995) and are abundant 5-HT1B receptors.
A number of other transgenic and knockout mice have underway for intermale offensive aggressive behavior (Figure 2) . Portions of the mouse Y chromosome as well been reported that display aggressive behavior. Mutant mice that are heterozygous for a mutation in the gene as a locus on chomosome 17 have been suggested to be associated with offence in mice (Roubertoux et al., encoding the enzyme ␣-calmodulin-dependent protein kinase II (CaMKII) display increases in defensive aggres-1994; Maxson, 1996) . However, these loci encompass usually a few million base pairs, and thus many genes. sion but not in offensive aggression in the residentintruder paradigm (Chen et al., 1994) . Interestingly, these
The identification of the relevant genes by conventional techniques can therefore still be a formidable task. Howmice were also shown to display decreased serotonin release, as measured by extracellular and whole-cell ever, if a candidate gene has been mapped at the same chromosomal locus as one of the quantitative trait loci, patch-clamp recordings from brainstem slices. CaMKIImediated phosphorylation is required for activation of it will be possible to generate knockout mice lacking this gene and test their behavior. For example, one of tryptophan hydroxylase, the rate-limiting enzyme for 5-HT synthesis. A reduction in tryptophan hydroxylase the loci on the Y chromosome possibly involved in aggressive behavior contains a gene encoding the enzyme activity might therefore explain the aggressive phenotype of the CaMKII heterozygous mice. Interestingly, steroid sulphatase (Roubertoux et al., 1995) . In humans, the contribution of genetic factors has homozygous mutants that lack both copies of the CaMKII gene are not aggressive but display a large numbeen much more difficult to establish. Adoption and twin studies have revealed both environmental and genetic ber of other behavioral abnormalities.
Transgenic mice overexpressing transforming growth modulators for aggressive behavior in humans (Bohman et al., 1988; Loehlin, 1989; Coccaro et al., 1993 Coccaro et al., , 1994 . factor ␣ (TGF␣) were also shown to be aggressive and to display low 5-HIAA levels (Hilakivi-Clarke et al., 1995) .
Thus far, the only characterized mutation that might be associated with violent behavior is the mutation in the In this case, the relation between TGF␣ and the serotonergic system is unknown. However, since TGF␣ is a MAOA gene that has been identified in a Dutch family. It is unclear whether mutations in the MAOA gene are growth factor that is expressed in the brain, it is possible however, the specific genetic defects have not yet been identified.
The gene knockout and the transgenic strategies will provide useful animal models for mutations that might occur in the human population. For example, the availability of mice lacking MAOA will make it possible to study the developmental events that might underlie an increase in aggressive behavior later in life. Conversely, the fact that mice lacking the 5-HT1B receptor are aggressive makes this gene a candidate for mutations that might increase aggressive behavior in humans.
The mouse studies also exemplify the fact that many genes can influence aggressive behavior, including totally unexpected ones such as TGF␣. This should not be much of a surprise given the fact that aggressive behavior is a complex set of behaviors and that lesions and pharmacological studies have pointed toward the involvement of several brain structures and neurotransmitter systems. In its excessive forms, aggressive behavior might be compared to cancer. There are many oncogenes that when mutated can lead to cancer be- progenitor inbred strains will be heterozygous for all the genes for suppressor genes (Minna, 1993) . Like cell division, which the progenitor strains differ. During the F2 (progeny of F1 aggressive behavior appears to be a finely tuned system matings) and subsequent inbreeding, the progenitor chromosomes are recombined by crossing over of homologous chromosomes sevthat can be modulated at many levels and that can eral times per chromosome. The resulting recombinant inbred (RI) therefore be deregulated in many ways. If the quest strains will display an average of 64 crossover events, which correfor genetic causes for aggressive behavior resembles sponds to about 3 times for a chromosome of average length. These in any way the quest for oncogenes, we are in for a RI strains are then ranked by their levels of aggressiveness (shades long ride. of gray). If one of the polymorphic loci has a major effect on aggressiveness, two separate clusters of RI strains should be obtained (either black or white). Conversely, a continuous distribution of RI Acknowledgments strains suggests multigenic inheritance (various shades of gray). Most behavioral traits that have been analyzed appear to involve I wish to thank C. Lappi and Charles Lam for help in preparing this multiple genes of varying effect size. In the hypothetical example manuscript and J. Crabbe, B. Eichelman, M. Heath, S. Maxson, C. shown here, at least two loci contribute to aggressive behavior.
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